The aim of this review was to present an overview of laboratory root canal biofilm model systems described in the endodontic literature and to critically appraise the various factors that constitute these models. The electronic databases MEDLINE, Web of Science and EMBASE were searched up to and including December 2016 to identify laboratory studies using endodontic biofilm models. The following search terms were used in various combinations: biofilm, root canal, in vitro, endodontic, bacteria, root canal infection model, colony-forming unit. Only English papers from journals with an impact factor were selected. The records were screened by two reviewers, and full-text articles were assessed according to pre-defined criteria. The following data were extracted from the included studies: the microbial composition of the biofilm, the substrate, growth conditions, validation and quantification. Seventy-seven articles met the inclusion criteria. In the majority (86%) of the studies, a monospecies biofilm was cultured. In two studies, a dual-species biofilm was grown; others cultivated a multispecies biofilm, containing at least three species. Enterococcus faecalis was the most frequently used test species (in 79% of all studies, 92% of the monospecies studies). Four studies used an inoculum derived directly from the oral cavity. Human dentine was the most frequently used substratum (88% of the studies). Incubation times differed considerably, ranging from one to seventy days. The most common quantification method (in 87% of the studies) was bacterial culturing, followed by microscopy techniques. The variation in laboratory root canal biofilm model systems is notable. Because of substantial variation in experimental parameters, it is difficult to compare results between studies. This demonstrates the need for a more standardized approach and a validated endodontic biofilm model.
Introduction
Apical periodontitis (AP) is an inflammatory lesion of the periradicular tissues caused by microorganisms or their by-products (Kakehashi et al. 1965 (Kakehashi et al. , M€ oller et al. 1981 . These microorganisms are located within the root canal system, a region that they invaded after loss of the tooth's protective structures (enamel and cementum) due to caries, trauma, cracks, or dental intervention. To date, culture-dependent and molecular studies have identified more than 700 prokaryotic species in the human oral cavity, belonging to 13 separate phyla (Aas et al. 2005 , Dewhirst et al. 2010 , Kilian et al. 2016 . In the infected root canal, culture techniques have revealed 258 taxa, whilst studies using molecular methods have identified 317 taxa. Bacterial species detected in primary root canal infections fall into 9 of the 13 phyla that have oral representatives. Whilst any individual can harbour about 100-200 of these 700 species of oral bacteria, the species diversity within the infected root canal is rather limited, with 10-30 species per canal (Siqueira & Rôc ßas 2009a) . This is because the root canal is a unique environment, and the type and course of infection is driven by biological selection. Factors such as an anaerobic milieu, interactions between microorganisms and the availability of nutrients define the composition of the microbial flora. The microbiota of an infected root canal is typically polymicrobial, and in primary root canal infections, it consists for the most part of obligate anaerobic bacteria. It has become generally accepted that bacteria in a root canal infection do not occur as separate colonies or planktonic cells, but as integrated communities attached to the root canal walls, called biofilms (Nair 1987 , Siqueira & Rôc ßas 2009b , Ricucci & Siqueira 2010 .
The rationale behind the treatment of AP is eradication or at least a substantial reduction of the root canal infection. This is achieved by mechanical enlargement of the main canals using instruments, in combination with the use of irrigating solutions that physically improve debridement by their flushing action and chemically by their disinfecting properties. In addition, inclusion of a dressing with a long-lasting antibacterial action in the prepared canal system between appointments is advocated by some as an additional step (Sj€ ogren et al. 1991 , Athanassiadis et al. 2007 .
The root canal system however, is highly complex with isthmuses, lateral extensions, apical deltas, lateral canals and dentinal tubules (Vertucci 1984 , Versiani et al. 2012 , providing shelter for the microorganisms against the action of instruments and disinfectants. In addition, the biofilm lifestyle of the bacteria in the root canal poses additional challenges. The microbial cells are attached to the canal walls, and they are embedded within a self-produced extracellular matrix. Compared to their planktonic counterparts, cells in a biofilm are much more tolerant to most antimicrobials and the host defence (Bjarnsholt 2013) . Reduced penetration of antimicrobial agents through the biofilm matrix, biofilm-specific protection against oxidative stress and biofilm-specific expression of efflux pumps are some mechanisms that explain the reduced susceptibility of biofilm cells (Van Acker et al. 2014) . Also, the endodontic biofilm is more or less continuous throughout the anatomical irregularities of the canal system, which imposes significant challenges to effective debridement and disinfection (Nair et al. 2005) .
In the majority of cases with preoperative apical periodontitis, the traditional chemomechanical treatment approach results in resolution of the apical lesion. In a systematic review, pooled success rates of 81% were reported for the treatment of teeth with a nonvital pulp and a periapical lesion (Ng et al. 2008) . This means that almost one out of five teeth with a primary root canal infection and apical periodontitis fails to heal. Treatment failures are mainly caused by persistent infection: microorganisms participating in the primary infection managed to survive the intracanal antimicrobial procedures and remained inside the root canal system (Sj€ ogren et al. 1997 , Molander et al. 1998 . The field of endodontics would thus benefit from better and more predictable root canal disinfection protocols. Indeed, considerable research effort is invested into this topic, witnessed by the great number of papers on root canal disinfection published in peer-reviewed journals.
Prospective, randomized clinical trials are the ultimate means to prove or disprove the clinical effectiveness of an intervention. Because clinical trials are time-consuming, labour-intensive, expensive and may pose ethical issues, it is relevant and common practice to first evaluate existing or new root canal disinfection modalities using laboratory models. The goal of these laboratory tests is to determine whether the new therapy is effective and whether there is a potential benefit over established methods. Ideally, the experimental model system should produce results that allow extrapolation or offer a relevant prediction to clinical practice. Therefore, the model should be valid, and validation implies the process of linking the laboratory model to clinical outcomes. When this is not the case, there is a risk that valuable resources will be wasted when running clinical trials based on inappropriate laboratory models. Further, it is reasonable to suggest that the model should closely mimic the clinical situation, whilst at the same time provide sufficient feasibility and reproducibility.
There are numerous studies in the endodontic literature using laboratory biofilm models. However, there is substantial variation in the methodology used, and as such, it is difficult to compare results between different studies. The objective of this systematic review was to present an overview of laboratory root canal biofilm model systems described in the literature and to discuss the various factors that constitute these models.
Characteristics of the endodontic biofilm
Model systems serve as a simplified and practicable surrogate of the clinical reality. Ideally, the outcome of studies employing such model systems should be transferable to the clinic. Hence, these model systems should closely reflect the clinical conditions. Before reviewing endodontic biofilm model systems, it is therefore worthwhile describing the clinical situation these model systems should mimic.
Various authors have used optical and/or electron microscopy to visualize endodontic infection (Nair 1987 , Molven et al. 1991 , Ricucci & Siqueira 2010 . These microscopic studies have provided insight into the location, distribution, morphology and organization of microorganisms within the infected root canal. Nair (1987) used light and transmission electron microscopy to analyse extracted teeth with apical periodontitis. He observed dense aggregates of bacteria sticking to the dentinal wall, with bacterial cells of one distinct morphological type and an amorphous material in the interbacterial spaces. In other parts, the dentinal wall of the root canal was covered by single or multilayered bacterial condensations with various types of bacteria. In addition, the majority of the flora was suspended in an apparently moist canal lumen. Molven et al. (1991) used scanning electron microscopy (SEM) to observe the apical 2 mm of root canals of periapically diseased roots and viewed rodshaped bacteria, cocci and spirochaetes on the canal walls. Since the samples had been rinsed prior to sputter coating, these cells represent sessile (attached) cells. Using a similar method, Sen et al. (1995) examined extracted teeth with a primary root canal infection and apical periodontitis. The root canals were heavily infected, and microorganisms were observed in all areas of the canal. Cocci and rods predominated and formed colonies on the root canal walls and also, to a varying degree, penetrated the dentinal tubules.
The above-mentioned studies offer evidence for the presence of biofilms in the root canal system. Ricucci & Siqueira (2010) , however, were the first to substantiate the presence of intracanal biofilms. They used histobacteriologic techniques (histologic sections with staining of bacteria) to analyse teeth or root sections with apical lesions obtained by apical surgery or extraction. They observed intraradicular biofilms in the apical segment of 80% of untreated root canals. These bacterial biofilms were usually thick and composed of multiple cell layers. Cocci, rods and filaments could be recognized in most cases, but a single morphotype appeared to dominate each biofilm. In the biofilm structure, the proportion between bacterial cells and extracellular matrix was highly variable, as was the spatial distribution of cells within the biofilm. In many specimens, multilayered biofilms uniformly covered most of the root canal walls. It was frequently observed that the biofilm occupied the entire apical canal. When dentinal tubules were present, they were usually colonized by bacteria spreading from the biofilm and penetrating to varying depths. The study showed that endodontic biofilm morphology differed considerably between individuals and that no specific morphological pattern for endodontic biofilms could be found. In a similar study on immature teeth, Ricucci et al. (2017) observed bacterial biofilms of varying thickness on the majority of the root canal walls, sometimes completely filling the root canal lumen.
Apart from the structural/morphologic description of the endodontic biofilm, its microbial composition is another important characteristic. This information can be deduced from investigations on root canal microbiota composition. It is well-established that primary root canal infections are polymicrobial and dominated by anaerobic Gram-negative bacteria. Per infected canal, between 10 3 and 10 8 bacterial cells are generally recovered, and a mean of 10-20 species can be found (Sundqvist 1976 , Munson et al. 2002 . The microbiota of root filled teeth exhibit a lower species diversity than that in primary infections. Root filled teeth with persistent or secondary AP harbour between 1 and 5 species (Pinheiro et al. 2003 , Rôc ßas et al. 2004 , mostly Gram-positive facultative anaerobes (Ch avez De Paz et al. 2003) . Most of these culture-based or molecular investigations on root canal microbiota composition have been done on the root canal in toto. However, local differences also seem to play a role. The microbiota in the apical part of the canal differs significantly from that in the more coronal aspects of the canal, in terms of predominant morphotypes (Thilo et al. 1986 ), bacterial community profile (Alves et al. 2009 ) and the anaerobe/facultative ratio (Ch avez de Paz 2007).
Root canal infection is not a static phenomenon. It is a dynamic process whereby the characteristics of the biofilm may change over time. Changing environmental conditions, such as oxygen tension and nutrient availability, entail a shift in the composition of the microbiota. It has been shown that during the early phase of the infectious process, facultative anaerobic bacteria in particular may be found in the oxygen-rich root canals. The loss of blood circulation in the necrotic tissue and oxygen consumption by the primary colonizers results in oxygen deprivation, and as a consequence, anaerobes will predominate (Fabricius et al. 1982) .
In summary, biofilms have been shown to be present in the majority of teeth exhibiting apical periodontitis. The endodontic biofilm covers most of the root canal walls, including root canal ramifications and extensions. It consists of microbial cells of different species and is organized in multiple cell layers, embedded within a matrix. The composition and structure of this endodontic biofilm are highly variable.
Review

Search strategy
A literature search was performed to identify articles employing a laboratory endodontic biofilm model. Although the present article does not claim the title of systematic review, the literature search was carried out systematically. The electronic databases MEDLINE, Web of Science and EMBASE were searched up to and including December 2016. The following and other search terms were used in various combinations: biofilm, root canal, in vitro, endodontic, bacteria, root canal infection model, colony-forming unit. The titles and abstracts of all identified reports were screened independently by two reviewers. In case the abstract was considered relevant, the full text was retrieved. Full reports were also obtained when information from the title and abstract was ambiguous.
Study selection and data extraction
The full texts were independently reviewed by two reviewers to assess eligibility. The inclusion and exclusion criteria are shown in Table 1 . Any disagreements were resolved by discussion. The reference lists of all included studies were also searched to determine other relevant studies.
From the inclusion criteria, it is clear that laboratory models with biofilms formed in configurations other than the root canal configuration (e.g. biofilms grown on agar surfaces, cellulose pads, hydroxyapatite discs, microtiter plate wells) are excluded. The problem with these simpler models is that antimicrobial treatments in these models occur in conditions that are very different from what happens in vivo. For example, access to the biofilms in these simpler models is optimal, as is the contact between the biofilm and the antimicrobial agents. Also, the volumes of tested antimicrobials relative to the biofilm volume are usually large in these models, not representing clinically achievable ratios. Lastly, articles from journals without impact factor were excluded in order to increase the likelihood of obtaining scientifically valid articles.
When considering laboratory biofilm model systems, the following parameters can be defined to describe these systems:
• Microbial composition of the biofilm • The substrate of the biofilm • Growth conditions of the biofilm • Validation and quantification of the biofilm These data were extracted from the selected studies and are reported and discussed in the following sections.
Results
The results of the literature search, according to Preferred Reporting Items for Systematic Reviews and Meta-analyses guidelines (Moher et al. 2009 ) are shown in Fig. 1 . Electronic database searches identified 444 studies. After deduplication, 263 records remained. Two independent reviewers read 263 abstracts; 110 records were excluded in the first pass, and 153 records were retrieved. After the assessment of full texts, 77 eligible articles were identified. Each of the extracted parameters will be described in detail in the following section.
Root canal biofilm model systems: factors to consider
The microbial composition of the biofilm
Number of species in the biofilm The distribution of the number of species across the different studies is shown in Fig. 2 . In the vast majority of the studies (86%), the biofilms were composed of only one species. One study reported the use of a dual-species biofilm; biofilms with compositions ranging from three to five species were also used, but only in a small number of studies. In four studies, a nondefined multispecies biofilm was cultured. All of them employed bacteria that originated from the oral cavity of humans. In the study by Peters et al. (2011) , root canals of extracted teeth were infected in situ by placing decoronated, prepared and sterilized teeth in a holder, worn intra-orally by a volunteer for one week. Similarly, in the study by Ordinola-Zapata et al. (2014) , dentine specimens were fixed to an orthodontic device which was worn by volunteers for 72 h. In the two other studies, human microbial samples taken from an oral site were used as a starter culture to grow a multispecies biofilm. Lin et al. (2013) used a human subgingival plaque sample to inoculate extracted single-rooted teeth. In the study by Schaudinn et al. (2013) , samples from infected root canals of three teeth were mixed and used to inoculate sterilized extracted teeth. Root canals of extracted teeth containing a monospecies biofilm are far from the in vivo situation, in which infected canals host a polymicrobial infection with complex and extensive bacterial interactions and metabolic co-operation (Siqueira & Rôc ßas 2009b Monospecies biofilm model systems offer the advantage of simplicity, standardization and control. They are rather easy to set up, reproducibility is good, and they allow high experimental throughput. However, there are multiple arguments to support the use of a mixed-rather than a single-species biofilm model. First, most, if not all, biological systems in nature are multispecies communities. This is no different in the infected root canal, where multispecies consortia are typically found. It has also been shown that multispecies biofilms exhibit increased biofilm biomass than when these isolates are grown as monospecies biofilms (Madsen et al. 2016) . Thus, biofilm communities (groups of more than one species) generally produce thicker biofilms than single-species populations. Multispecies biofilms also display increased virulence during infection (Pastar et al. 2013) and increased tolerance to the host immune response compared to single-species biofilms, and the species can cooperate to alter the niche of infection and modify the host immune response (Peters et al. 2012 , Tay et al. 2016 .
Further, several studies have shown that multispecies biofilms demonstrate increased resistance to antimicrobial treatment (antibiotics as well as disinfectants) compared to monoculture biofilms (Burmølle et al. 2006 , Kara et al. 2006 , Schwering et al. 2013 . Ozok et al. (2007) , for example, revealed that dual-species biofilms were more resistant to NaOCl treatment than monospecies biofilms. One mechanism of enhancing antimicrobial resistance is related to difference in the composition of the EPS in multispecies biofilms, compared to that of monospecies biofilms. Another mechanism protecting members of a mixed biofilm involves a certain member providing conditions that promote survival of other members. For example, anaerobic bacteria are able to survive aerobic conditions when grown 52, 2019 in a mixed biofilm, because the aerobic bacteria consume the oxygen and thus provide anaerobic conditions within the deeper layers of the biofilm (Bradshaw et al. 1997) .
Thus, multispecies biofilms provide more complexity, more resemblance to the clinical reality, enhanced metabolic capacity and stress tolerance, more resilience and a greater challenge towards biofilm eradication. This complexity, however, comes with a number of challenges with regard to experimental work. Culturing a mixed-species biofilm, for example, requires more starter cultures, more types of media, and more handling steps; hence, these model systems generally are more time-consuming and costly. Combining different species in a biofilm set-up does not necessarily mean that each strain will grow or all will grow equally well. In microbial communities, species interact, and these interactions can either be synergistic, where interspecies interactions lead to benefits for one or all interacting partners, or competitive, resulting in decreased productivity for all or some interacting members. Neutral relationships also exist, where there are no significant effects of interaction between species (West et al. 2007 ). Consequently, the use of a multispecies biofilm model usually requires extensive preliminary experimentation to assess the development and composition of the resulting biofilm. As a consequence of the increasing diversity and complexity of a multispecies model system, the reproducibility of the experiment typically decreases. Not only establishing a multispecies biofilm model becomes more complex and demanding in terms of efforts and resources, but also its culturebased quantification becomes more cumbersome, if the portion of each constituting species in the biofilm is to be known.
Selection of species
In four studies, a multispecies biofilm with unknown composition was used, as these were grown intraorally or from oral microbial samples. In the remainder of the studies, a biofilm with known constituting species was used. In total, twenty-two different microbial species were used. In the majority of cases, bacterial species were selected; in 3 studies, a yeast biofilm was grown (Table 2) . About 85% of the species were facultatively anaerobic bacteria, amongst them species from the genera Staphylococcus, Streptococcus and Actinomyces, and the family Enterobacteriaceae. Obligate anaerobic bacteria were included in approximately 14% of the studies. Only a small fraction of the studies included biofilms of aerobic and aerotolerant anaerobic bacteria. The majority of the microorganisms (63) were Gram-positive.
In 66 of the 77 reports, Enterococcus faecalis was used, either alone or in combination with other bacteria (Fig. 2) . As shown in Fig. 2 , 61 of the 75 monospecies biofilms (in several studies, more than 1 monospecies biofilm was cultured, yielding 75 monospecies biofilms in 66 studies) were E. faecalis biofilms, and in 5 of the 7 defined multispecies biofilms, this species was also included. In half of the studies with E. faecalis, strain ATCC 29212 was used. In three studies, a Candida albicans biofilm was grown, the fungal species most commonly isolated from infected root canals (Siqueira & Sen 2004) .
When it comes to choosing the constituting species for the endodontic biofilm model, ideally typical members of the root canal microbiota are selected. Since only a specific set of microorganisms thrive in the environment of the necrotic root canal, it is illogical to choose bacteria that are not commonly isolated from the root canal space. Some authors have included species that are not typically found in primary or secondary/persistent infections, for example Staphylococcus epidermidis (Niazi et al. 2014 (Niazi et al. , 2015 . It seems of limited relevance to include these strains in an endodontic biofilm model.
Although species frequently detected in primary infections belong to diverse genera of Gram-negative and Gram-positive bacteria, Gram-positive species were most frequently used in the selected studies. When working with a monospecies biofilm model, both the use of Gram-positive and the use of Gram-negative bacteria seem valid. The fact that Gram-negative species are not commonly found in post-instrumentation or post-medication samples might indicate that these are more easily eliminated than Gram-positive bacteria . This argument may be persuasive for the use of a Gram-positive species, since they pose the greatest challenge towards elimination. When using mixed-species communities, it seems wise to include both Gram-negative and Gram-positive species, since the outcome of a given therapy may have different effect on Gram-negative and Gram-positive bacteria. The same situation was observed regarding the oxygen status: facultatively anaerobic bacteria were used in 85% of the studies, whilst the bacterial community in primary root canal infections is dominated by strictly anaerobic bacteria. Again, the choice for facultative anaerobes is justifiable as they represent the majority of persisting infections, whilst in a multispecies model, a combination of both strictly and facultative anaerobic species is more relevant. Working with strictly anaerobic bacteria, however, poses specific requirements to the experimental workflow: the use of reducing media, anaerobic chambers, anaerobic incubation, maintenance of anaerobiosis throughout the tests. This in turn requires dedicated equipment, consumables and staff and complicates the experimental procedures as compared to working with aerobic bacteria or facultative anaerobes.
As shown in Fig. 2 , E. faecalis was the most frequently used test organism in endodontic biofilm model systems. This species has been frequently isolated from root canal-treated teeth with persistent apical pathosis, with reported prevalence of over 90% in some studies (Molander et al. 1998 , Pinheiro et al. 2003 , Rôc ßas et al. 2008 ). E. faecalis has been shown to resist inhospitable conditions such as an alkaline environment (Flahaut et al. 1997 ) and long-term starvation (Hartke et al. 2002) . It has the ability to penetrate deeply into the dentinal tubuli and to produce biofilms on the root canal wall, even those medicated with calcium hydroxide (Distel et al. 2002) . Because of the species' attributes that allow it to survive under unfavourable environmental conditions, and its association with post-treatment disease as suggested by epidemiological studies, E. faecalis has long been regarded as a key pathogen in Endodontology.
Many studies evaluating the efficacy of a treatment on a monospecies E. faecalis biofilm are the likely result of this. However, this approach deserves due consideration. First, the status of E. faecalis as the main causative agent of endodontic treatment failures has increasingly been put into question. This is because E. faecalis is not isolated from all investigated failed root filled teeth (Cheung & Ho 2001 , Rolph et al. 2001 , and E. faecalis is rarely one of the most dominant species in the bacterial community (Rôc ßas et al. 2008); E. faecalis is not more prevalent in root filled teeth with lesions when compared to root filled teeth with no lesions (Kaufman et al. 2005) . Hence, E. faecalis is no longer considered the key pathogenic root canal species. Secondly, E. faecalis is a species that grows fast and is not fastidious at all under laboratory conditions (Siren et al. 2004) . These features may explain its high isolation frequency, but undoubtedly account for its frequent selection as a test species in endodontic biofilm models. Thirdly, E. faecalis is not a typical isolate in primary root canal infection (Portenier et al. 2003) .
When a number of known species are brought together to form a multispecies biofilm, it is referred to as a defined engineered biofilm, as the constituting species are known, and the combination is somehow artificial. When the biofilm consists of microorganisms that have been taken directly from the natural environment, it is termed an undefined natural biofilm (Tan et al. 2017 ). The majority of selected studies belonged to the former category. In these studies, laboratory reference strains are mostly used to make up the biofilm. These are microbial strains with wellknown genome sequence and properties that can be obtained from culture collections. It is, however, well known that such laboratory reference strains have lost important pathophysiological characteristics compared to their clinical counterparts. This is because these strains might have been subcultured for decades since their first isolation. The greater virulence of clinical isolates has been related to the presence of individual genes or gene clusters (referred to as pathogenicity islands) but also to the inactivation of individual genes (Hayashi et al. 2001) . In no less than half of the studies with E. faecalis, strain ATCC 29212 was used. This laboratory reference strain is a widely used representative test organism for clinical and laboratory experiments and has been isolated from human urine. Only 4 studies reported the use of clinical isolates. The advantages of a biofilm that is formed in the laboratory with known species are that the composition of the resulting biofilm is perfectly known, and that these systems are highly reproducible, easy to manipulate, time and cost-effective and rather easy to analyse and interpret. As a downside, these systems are somewhat artificial. When a biofilm is grown within the oral cavity, a multispecies biofilm forms from the multitude of microorganisms that can be found in the oral cavity. Its formation will also be influenced by food intake, salivary components, salivary flow, oral hygiene habits and other chemical or physical influences, thus resulting in a biofilm that is much more complex than a defined engineered biofilm, but with unknown and unpredictable composition. The same applies to a biofilm grown from an inoculum derived from an ex vivo sample, such as a subgingival plaque sample or a root canal sample. These undefined natural biofilm systems mimic the species composition of the environment more closely than do model engineered biofilm systems. Although identification of the species in these natural biofilms is possible with modern microbiological techniques such as next-generation sequencing, this is usually not done as it involves considerable effort and costs. Due to the unknown composition of these biofilms, analysis is usually more complex and costly.
When it comes to obtaining valid results of microbiological experiments, a prevailing principle is that both technical and biological repeats should be included. Technical repeats represent tests that have been done on several samples of the same biofilm (grown in identical conditions from a single starter culture). For biological repeats, the same treatment is tested on a biofilm that has been grown according to the same experimental parameters, but at another point in time and from another starter culture. Therefore, the biofilm at the different biological repeats should be similar. This is less straightforward for biofilms grown in the oral cavity or biofilms grown from an inoculum derived from an ex vivo sample. The inoculum is patient-and site-specific, and the exact composition of the biofilm is undefined. Developing a multispecies biofilm intra-orally or from in vivo inocula is highly clinically relevant and possibly the closest that one can get to mimicking natural conditions in laboratory biofilm models. On the other hand, control and knowledge of the system is lost when introducing an unknown number of undefined species, which complicates the analysis and the larger intersample variability hinders standardization (Sim et al. 2016) . Moreover, this lack of knowledge of the exact composition of the biofilm limits the possibility of reproduction of the study by other researchers, a fundamental principle for good scientific conduct.
Inoculation
Four ways of infecting the root canal specimen could be discerned in the selected studies. In 42% of the studies, the entire tooth or root was placed in a recipient containing inoculated medium. In 48% of the studies, the inoculating medium was introduced in the root canal only. In two studies, a flow cell was used, where medium is constantly pumped through the canal. In these studies, inoculation took place by adding a bacterial culture to the medium. In two studies with intra-orally worn devices, inoculation occurred naturally with the resident oral flora (Peters et al. 2011 , Ordinola-Zapata et al. 2014 .
In 75% of the studies, the inoculum concentration was determined. This concentration varied between 10 4 and 10 10 CFU mL À1 . A concentration of 10 8 CFU mL À1 was most frequently used (in 38% of the studies). The inoculum determines the starting population of the biofilm. The cell number of the inoculum should be high enough to allow sufficient cells to adhere to the surface and commence biofilm formation. When the inoculum suspension is introduced in the root canal only, bacterial growth will only occur within the canal. Care should be taken to avoid inclusion of Biofilm model systems in endodontology Swimberghe et al.
air bubbles in the canal, so the inoculum is best introduced as closely as possible to the apical canal terminus, thereby filling the canal space from apical to coronal. In this way, the bacterial suspension contacts the entire canal wall, along which a biofilm can develop. When the entire tooth is exposed to the inoculum, biofilm growth on the external tooth surfaces, or on sectional planes in case of split teeth, will occur. When quantifying the intracanal biofilm after endodontic procedures, care should be taken not to include this extracanal biofilm in the quantification.
The substrate of the biofilm
Substrate material
In the majority of studies (96%), dentine was the substrate for the biofilm growth. Whilst 68 of the studies used human dentine, six articles made use of bovine teeth (Lundstrom et al. 2010 , Gr€ undling et al. 2011 , Hohscheidt et al. 2013 , Ordinola-Zapata et al. 2014 , Wang et al. 2015 , Flach et al. 2016 .
Three studies used a nonbiological material as a substrate for the biofilm. It is most obvious to use human dentine as the substrate for biofilm growth, as this represents the biofilm's natural environment. The initial event in the formation of a biofilm is the bacterial attachment on a surface and irreversible adhesion to the substratum. Adhesion of bacteria to dentine does not readily occur to the mineral component, but preferably to the proteinaceous portion of the dentine matrix. Oral streptococci, the primary dentine colonizers in vivo, bind to type I collagen with the help of cell surface adhesins (Love et al. 1997) . Thus, dentine, with its particular composition of both organic and inorganic components, its particular structure with tubules, peritubular, intratubular and intertubular dentine, represents a very specific substrate that is not easy to mimic or copy.
When extracted teeth are used for the biofilm model system, these teeth usually originate from different individuals and different age groups, introducing variability in dentine composition and structure (e.g. dentinal sclerosis with increasing age). Ozdemir et al. (2010) studied adhesion of E. faecalis on young and old human root canal dentine and noticed more apparent and thicker biofilm formation in the 'old dentine' samples. Apart from this study, there is little evidence on the influence of the dentine composition, structure or age on biofilm formation.
This variability in structure and composition is not the case when using nonbiological materials as the substrate, allowing standardization of this parameter. In addition, if the synthetic model is optically transparent, it enables real-time visualization of parameters such as fluid dynamics and biofilm removal, which is impossible with an opaque biological material. However, biofilm formation on nonbiological materials might be completely different due to different initial microbial interactions with the surface. Also, the adhesion of the biofilm to the surface might differ significantly from the adhesion to dentine. Also, the smooth surface of the resin canal walls, their perfectly round cross-sectional shape and straight course are different from the clinical situation and might impact on the fluid dynamics (De Meyer et al. 2017) . The absence of dentine might also impact on the effect of chemicals such as NaOCl, which is known to react with collagen, fluid and biomass within the dentine, reducing the amount of available chlorine for disinfection (Macedo et al. 2010) . Altogether, it seems that the use of a substrate material other than dentine does not overcome its drawbacks.
Due to the increasing difficulty to obtain human extracted teeth, bovine teeth are more frequently used in laboratory studies. These are readily available, and the age of the cattle can also be easily controlled. Bovine dentine is very similar to human dentine with regard to morphology, physical properties and chemical composition. Whilst a greater number of tubuli are present in bovine root dentine, the diameter of the tubuli is similar to human dentine (Camargo et al. 2007) . Overall, bovine dentine seems to be a valid alternative to human dentine as a substrate for biofilm development.
Root canal geometry
In 73 studies, biofilms were grown in single-rooted teeth. Three studies cultured a biofilm in multirooted teeth. One study selected both single-and multirooted teeth. In all studies utilizing multirooted teeth, only one canal was treated and sampled; except for one study, in which a bioluminescent biofilm was grown and measured in the entire root canal system of third molar teeth (Sabino et al. 2015) .
In 12 studies, the apical portion of the root was removed together with the coronal tooth portion, resulting in root sections. Two studies used root sections of bovine teeth. Although one can discuss whether 4 mm is an adequate canal length, the 4 mm root sections in the study by Ozdemir et al. (2010) were included in the present review, answering inclusion criterion no. 2. In the other studies (n = 65), the apical portion of the root was left intact. An overview of the distribution of the substrate dimensions is given in Table 3 .
In three studies, the root canals of extracted human teeth were not mechanically prepared prior to inoculation. Probably, growth of a biofilm in nonprepared root canals best represents the clinical reality. However, nonprepared root canals can be difficult to inoculate, especially smaller canals, since the inoculating medium has to be introduced into the entire canal space. Moreover, in order to sample the canal for microbiological evaluation, access to the entire canal is necessary. Therefore, root canals mostly are mechanically enlarged prior to biofilm formation. As a result of canal preparation, the structure of the canal wall is altered, with the creation of a smear layer (Mader et al. 1984) . This smear layer is a loosely adherent structure, it blocks the dentinal tubuli, and it differs in structure and composition from sound dentine, on which an in vivo biofilm is formed. Therefore, it is advisable to remove the smear layer and expose the dentine before inoculation of the canal space.
Besides conventional mechanical enlargement of the root canal, other adjustments to the canals or roots were sometimes made. In some studies, teeth were split longitudinally and a biofilm was cultured on one half. After incubation, the two halves were reapproximated prior to intracanal disinfecting procedures. When using artificial root canals consisting of two halves, attention should be paid to an adequate seal between the two model halves, in order to avoid leakage of irrigants and bacteria along the contact area. Mohmmed et al. (2016) conducted, with regard to this problem, a pilot study and found that including a sealing film between the halves minimized this risk. In three studies, an artificial groove was created in the canal wall of one half, mimicking a lateral extension or fin (Lin et al. 2013 , Niazi et al. 2014 .
When it comes to treatment of the intracanal biofilm, a form of irrigation is usually employed. In this respect, there is general agreement that the set-up has to comply with a closed apical system. This implies that no air or liquid can escape via the apical foramen, mimicking the in vivo situation. Studies with unspecified or questionable mechanisms to restrict fluid flow through the apical foramen should be interpreted with caution (Tay et al. 2010) .
Substrate pre-treatment It has been established that the initial attachment of microorganisms and the structural organization of the biofilm are influenced by the chemical nature of the substrate (Stepanovi c et al. 2004 ). When exposed to biological fluids, material surfaces adsorb proteins or other organic materials. These organic coatings, or conditioning films, have been shown to alter the material surface properties and affect microbial attachment (Murga et al. 2001) . Therefore, in some endodontic biofilm model studies, preconditioning of the substratum was carried out prior to inoculation, to support initial adhesion and biofilm formation. Schaudinn et al. (2013) coated root canal walls with collagen type I, which is recognized by streptococci and serves as an adhesion substrate (Love & Jenkinson 2002) . Bovine serum albumin was used to improve attachment of bacteria to canals of human and synthetic teeth (Halford et al. 2012 , Layton et al. 2015 . The canals of bovine teeth were covered with mucin to provide an additional protein platform for the biofilm (Lundstrom et al. 2010) . Mucin is known to enhance biofilm formation of Streptococcus mutans (Mothey et al. 2014) . Shen et al. (2009) , using hydroxyapatite discs as the biofilm substrate, proposed the use of collagen coating to promote biofilm formation. They observed thicker biofilms in the collagencoated samples compared to noncoated samples. Unlike dentine, with type I collagen as the major organic component (90%), hydroxyapatite discs do not contain collagen, justifying the use of collagen coating in this experimental set-up.
When dentine is the substrate, it could be argued whether an additional collagen coating offers any benefit. However, high temperatures and pressures, occurring during steam sterilization, result in denaturation of hydrated proteins and affect the physical structure of collagen (Wiegand et al. 2009) . It has been shown that less bacterial adhesion (approximately one-third) occurred to autoclaved versus freshly split dentine samples (Chivatxaranukul et al. 2008) . Therefore, bacterial adhesion could be enhanced by collagen coating after steam sterilization. It also seems relevant in biofilm experiments conducted on nonbiological substrates such as polymers or glass.
Substrate sterilization
Reported sterilization methods included high-pressure steam (n = 62), gaseous hydrogen peroxide (n = 5), ethylene oxide (EtO) (n = 2), gamma irradiation (n = 1), and disinfecting liquids (n = 2). Five studies did not report the method of sterilization of the substrate. The nonbiological, synthetic models were sterilized by hydrogen peroxide vapour (Mohmmed et al. 2016) , in NaOCl 2.5% (30 min) and ethanol 70% (30 s) (De Meyer et al. 2017) or by soaking in ethanol 70%, followed by ultraviolet light irradiation (Layton et al. 2015) .
Before growing a biofilm consisting of species relevant to the endodontic setting, the model, irrespective of the material, should be free from microorganisms, thus should be sterilized. Extracted human and bovine teeth contain large numbers of microorganisms and are difficult to sterilize because of their structure. The Centers for Disease Control and Prevention (CDC) has developed a guideline for steam sterilization of extracted teeth used for research. According to this guideline, the teeth should be autoclaved at 121°C for 40 min (CDC 2004) . Only 7 out of 62 studies, using steam sterilization, applied commensurable and thereby appropriate conditions. Because of the narrow internal diameter and the complex structure of teeth, the success of sterilizing teeth with hydrogen peroxide gas plasma (PLASMA) is questionable (Kanemitsu et al. 2005) .
Whilst substrate sterilization is a prerequisite for biofilm culture, the sterilization method should not adversely affect the integrity or structure of the substrate. It has been shown that autoclaving by the protocol of CDC reduces the microhardness of dentine (Salem-Milani et al. 2015) . Gamma irradiation does not expose teeth to high temperatures and pressures, and this sterilization method has been shown not to affect the physical properties of dentine (White et al. 1994 , Brauer et al. 2008 . It was already mentioned that significantly less adherence of E. faecalis occurred to autoclaved dentine, compared with freshly split dentine. The adherence to gamma-irradiated dentine was not negatively influenced (Chivatxaranukul et al. 2008) . As collagen is generally considered to be the substrate for bacterial binding to dentine (Love & Jenkinson 2002 , Hubble et al. 2003 , less E. faecalis adherence to autoclaved teeth may be caused by the alteration of dentine components such as collagen by autoclaving (White et al. 1994) . Although gamma irradiation therefore seems to be an excellent sterilization method for teeth as part of an endodontic biofilm model system, it should be noted that this method has been validated in only one study (White et al. 1994) and that this study has limitations. First of all, only single-rooted teeth free of caries or restorations were included. Therefore, it is difficult to extrapolate the results to sterilization of teeth with a more complex anatomy, and teeth with caries and/or restorations. Secondly, the teeth were inoculated with a monospecies planktonic suspension, and no incubation was mentioned. Ideally, the efficacy of a sterilization method should be tested on teeth containing a mature biofilm. Altogether, there is insufficient evidence to support gamma irradiation as the optimal tooth sterilization method. Still, gamma irradiation could be a promising alternative for autoclaving, because of its minimal damaging effect on collagen. However, more research should be conducted to validate this method. Obviously, the choice of sterilization method will also depend on the facilities of the laboratory. Regardless of the method, it is very important to include a sterility check in each experiment. This implies that sterilized teeth are not inoculated and subjected to the same microbiological evaluation as the infected teeth. A sterility control was mentioned in 37 studies.
Growth conditions
Incubation time Considerable differences in incubation time were seen between the studies, ranging from one to 70 days. The distribution of incubation times across the selected studies is shown in Fig. 3 . A large number of papers cultured biofilms for ≤1 week, whilst many others incubated their samples for several weeks. The variation in biofilm age across the different studies is striking. This indicates that this parameter, and its relative importance, is interpreted very different amongst researchers. Biofilm formation starts with surface attachment of bacteria, followed by microcolony development, secretion of extracellular polymeric substance, different stages of biofilm maturation and dissociation (Costerton et al. 1995) . When comparing 'young' (several hours to days) versus 'old' biofilms, differences can be observed in the biofilm biomass/thickness, the cell count and its antimicrobial resistance. The number of recovered cells was evaluated in the study by De Meyer et al. (2017) . A dualspecies biofilm of E. faecalis and S. mutans was grown, and incubation times of 48, 72 and 168 h were tested. Using culture, the number of recovered cells did not differ significantly between the 48-and 72-hold biofilms, but after 168 h of incubation, considerably fewer cells were recovered. Seneviratne et al. (2013) grew E. faecalis biofilms in a microtitre plate and demonstrated a maximum cell recovery after 72 h, followed by a decline at 7 days. Regarding the biofilm structure, Shen et al. (2009) observed using SEM that 2-day-old multispecies biofilms grown on collagen-coated hydroxyapatite discs were less thick (57 lm) than the 3-week-old (155 lm) and the 6-week-old biofilms (190 lm). Similarly, Phee et al. (2013) described that 96-h Pseudomonas aeruginosa biofilms contained significantly more biomass than the 24-h biofilms. These trends are in agreement with the findings by Sjollema et al. (2011) , demonstrating a decrease in the proportion of viable bacteria in the biofilm with increasing number of bacteria in a biofilm.
The influence of biofilm age on the effectiveness of an antimicrobial treatment was investigated in a number of studies. These studies demonstrate that these treatments are usually less effective against more mature biofilms. Stojicic et al. (2013) investigated the effect of different disinfecting agents on polymicrobial biofilms and found that after 3 weeks of growth, the biofilm bacteria were less susceptible to the agents then after 1 or 2 weeks growth. They underlined that biofilm maturation in their model was reached between 2 and 3 weeks, and they emphasized the importance of knowing the maturation timeline of each biofilm model used. Lim et al. (2009) compared the effect of light-activated disinfection (LAD) and chemical disinfection on a 4-day-old and a 4-week-old E. faecalis biofilm. Bacterial survival in the 4-week-old samples was markedly greater than in the 4-day-old samples. Chau et al. (2015) investigated the antibacterial activity of NaOCl on 22-, 46-, 70-and 94-h-old E. faecalis biofilms formed on hydroxyapatite discs. They found a linear relationship between the minimum biofilm eradication concentration (MBEC) of NaOCl and biofilm age. Overall, the data showed that the antibacterial activity of NaOCl against E. faecalis biofilms decreased as the biofilm age increased at all tested concentrations. Similar associations between the biofilm's maturation stage and the resistance to antimicrobial agents have been found in the broader microbiology field (Ito et al. 2009 ).
These data show that the maturation stage of the biofilm is a relevant parameter in biofilm research, but that it is difficult to define generalizable instructions regarding the optimal/relevant biofilm incubation time. It is therefore indicated to perform a comprehensive biofilm growth kinetics assay before embarking on biofilm studies, in order to identify and understand the maturation stage of the biofilm in each particular model.
Medium
For the greater part, brain-heart infusion (BHI) was utilized as a growth medium for the biofilms in the selected studies (n = 47). Other frequently used growth media were tryptic soy broth (TSB), all culture broth (A.C. broth), Todd Hewitt broth and artificial saliva. BHI is of animal origin, whereas TSB is of plant origin. All these media are highly nutritious general growth media, meaning that they support the growth of the majority of microbial species. The use of saline solution, not containing any nutrients, was reported once (Bali c et al. 2016) .
Enterococcus faecalis cells have shown better adherence to dentine when grown in phosphate-buffered saline in comparison with growth in more nutritious media (George & Kishen 2007) . However, saline solution does not reflect the in vivo condition. In terms of nutrient availability, root canal biofilms exist in two conditions: the untreated, or the treated root canal, both differing in presence of, and access to nutrients for the microorganisms. At the outset, bacteria invading the root canal can cause a primary root canal infection. The different stages of this dynamic process will determine the supply and availability of nutrients.
Biofilm model systems in endodontology Swimberghe et al.
Through caries or cracks in the enamel, exogenous nutrients, such as fermentable carbohydrates, can enter the coronal parts of an exposed root canal, whilst endogenous proteins and glycoproteins are the principal nutrients in the main body of the root canal system. Not only the pulpal tissue can be a source of proteins, but later on, they can also be provided by a serum-like exudate, that originates from a periapical inflammation. Thus, the supply differs in the coronal, middle and apical parts of the canal system. On the other hand, whilst there is a sufficient supply of nutrients in an untreated infected root canal, the conditions after root canal treatment are different. In these teeth, most or all of the original pulpal tissue has been eliminated, and the coronal restoration of root filled teeth ideally prevents the influx of nutrients from the oral cavity, limiting the availability of nutrients to the intracanal microbiota (Sundqvist & Figdor 2003) .
It should be recognized that no laboratory method can accurately reflect the nutritional conditions under which the microorganisms grow and develop within the root canal system. Since most endodontic biofilm model systems aim to mimic a primary root canal infection, the frequently used highly nutritious general growth media, providing a source of carbohydrates as well as proteins, seem to be a relevant choice for biofilm growth. In some cases, the choice of medium and supplements depends on the needs of the organism, especially for fastidious ones.
Whilst these general media seem to be sufficient, the medium should be chosen that optimally support and promote biofilm formation of the involved species.
For example, Seneviratne et al. (2013) showed better E. faecalis biofilm formation using Pg broth (tryptic soy broth with yeast extract, hemin and vitamin K) compared with BHI or TSB broth. Also, addition of 2% glucose to the medium enhanced biofilm formation. In this respect, testing of different media in order to obtain the medium that best supports biofilm formation seems appropriate.
Medium refreshment
In 85% of the selected studies, medium was refreshed or added every first or second day. Six studies replaced it every 3 days, ten studies once in a week. In the studies by Christo et al. (2016) and Huth et al. (2009) , the root canals were exposed to a continuous flow of medium that entered the coronal portion of the tooth and left the canal through the apical foramen. Instead of abundantly supplying the bacteria with nutrients, Niazi et al. (2014) did not change the medium after the first 24 h for the next week.
During the incubation period, the growth medium can be regularly replenished in order to supply the biofilm with fresh nutrients and to remove waste materials and planktonic cells. Together with an optimal temperature and moisture degree, this provides optimal growth conditions for the microorganisms. When medium is added continuously, the concentrations of substrates and metabolic products are maintained at constant levels, allowing a constant rate of microbial growth under constant experimental conditions during the incubation phase. In order to facilitate a flow of medium through the entire canal, enlargement of the apical foramen is necessary, so attention should be paid to avoid creating an 'open system' during subsequent experiments. In contrast to a static biofilm model, a continuous flow over the biofilm induces shear forces that cause additional stress to the biofilm. These forces result in biofilms that are more rigid and homogenous (Peyton & Characklis 1993) . However, inside the root canal, no such flow conditions are present.
When the growth medium is not refreshed, nutrients become increasingly scarce, whilst concentrations of metabolic end products and toxic waste products increase. This imposes stress on the bacteria, and one of the most important effects is a decrease in metabolic activity of the biofilm cells. It has been shown that stressed or starved biofilms are less susceptible to hostile conditions or antimicrobial treatment than nonstressed or nonstarved biofilms (Jiang et al. 2017) .
Limited nutrient refreshment seems to result in a stressed biofilm, less susceptible to treatment, and seems to reflect the environment of the treated root canal, rather than the primary infection. Therefore, the choice whether or not to starve or stress the biofilm seems to be inspired by the condition that is being simulated.
Confirmation of the presence of a biofilm
In 54 studies, the presence of a biofilm in the canal was confirmed using some kind of visualization technique. In the other 23 studies, the presence of bacteria, rather than a biofilm, was verified by bacterial culturing or by a colorimetric assay to determine microbial activity.
As mentioned before, numerous factors influence laboratory biofilm formation. Given these numerous parameters that affect laboratory biofilm formation, it is crucial that at the end of the incubation time, the resulting biofilm is characterized. Not only should the presence of the biofilm be confirmed, but also biofilm properties such as thickness, extent of canal coverage and composition are valuable pieces of information. This step will usually be part of the determination of the biofilm maturation timeline.
Visualization methods to confirm intracanal biofilm after incubation included SEM, confocal laser scanning microscopy (CLSM) or light microscopy. These techniques are used to directly observe the canal walls. They allow for examination of canal wall coverage and aspects such as biofilm thickness and penetration into the dentinal tubuli. These techniques are further described under Microscopy techniques. In two studies, a bioluminescent biofilm was grown, allowing direct biofilm confirmation. Instead of quantifying both live and dead bacterial cells, this technique measures indirectly the amount of ATP, which is only produced and retained in living cells (Garcez et al. 2007 , Sabino et al. 2015 . Whilst determination of the presence of bacteria after a rinsing step demonstrates attached microbes and hence confirms the presence of a biofilm; microscopy techniques still represent a far better method of biofilm characterization.
Outcome measures-evaluation of biofilm removal and bacterial viability
The main objective in the treatment of infected root canals is to eliminate the intracanal microbial burden. Ideally, microorganisms and their by-products should be removed completely from the canal system. Alternatively, if microorganisms cannot be removed, they need to be killed. Because not only bacteria, but also bacterial components can induce apical pathosis (Jacinto et al. 2005), biofilm removal is the preferential outcome in root canal treatment. Since most laboratory endodontic biofilm model systems are designed to evaluate the effect of a given therapy or technique on the biofilm in the canal, it is sensible to distinguish between biofilm removal and microbial killing when determining the outcome of the therapy. Different approaches exist. The amount of remaining intracanal microorganisms can be assessed quantitatively using bacterial culturing (or other methods) after root canal sampling. Biofilm removal can also be assessed qualitatively or semiquantitatively by direct visualization of the biofilm using microscopy. In the majority of the selected studies, more than one method was used to assess biofilm removal. Not all methods can distinguish live from dead bacteria.
Bacterial culturing
In 87% (67/77) of the studies, microbiological culturing was used as one of or the sole evaluation method. This approach implies sampling of the root canal followed by culturing in order to count the number of microorganisms in the sample.
In order to process the microorganisms that survived the treatment for microbiological culturing, they have to be removed from the root canal, a step which is often referred to as sampling. The objective of sampling is to remove as much as possible (ideally: all) surviving bacteria from the canal. Usually, this is done by adding liquid to the canal, and absorbing this liquid with sterile paper points, with or without a preceding step of loosening biofilm bacteria with a scraping action of a file along the root canal walls (39/67) or another way of dislodging the remaining microorganisms. Another method of sampling is powerful flushing of the canal with sampling liquid (9/67).
A number of shortcomings are inherent to the practice of root canal sampling. The mere introduction of sampling fluid in the canal does not loosen attached bacteria. Hence, paper points collect only nonattached bacteria that are floating in the sampling liquid. For this reason, some form of scraping or another physical detachment method is applied prior to introducing the paper points. Although this approach is probably effective in teeth with simple canal anatomy, this method has not been validated; that is, it is not clear which proportion of the microbial load is removed from the canal in this way. In teeth with more complex root anatomy, anatomic regions such as fins, accessory canals and isthmuses may be inaccessible to instruments and therefore cannot be adequately sampled, so reliable sampling becomes even more problematic. Ironically, the goal of sampling (getting as much bacteria out of the canal), is very similar to the goal of the endodontic treatment itself (i.e. killing or removing as many bacteria as possible). With sampling, no distinction can be made between the coronal, middle or apical region (Sathorn et al. 2007 , Alves et al. 2009 ). Du et al. (2014) preferred the flushing method because in their opinion paper points obtained fewer bacteria and files could possibly destroy bacteria.
Pulverization of the teeth is a way of tackling the problem of sampling and increasing the detection rate (Baron et al. 2016 ). The technique is described as cryogenic grinding (Alves et al. 2009) , as the tooth specimen is cooled with liquid nitrogen which makes them more brittle. With this procedure theoretically, the entire root canal system is included in the analysis. However, attention should be paid to disinfecting the outer tooth surface, avoiding inclusion of bacteria that are not originating from the root canal.
The root canal sample can subsequently be cultured. This involves serial dilution of the sampling liquid and seeding equal volumes on agar plates containing growth medium. After incubation, visible colonies appearing on the plate are counted, allowing determination of the number of colony-forming units (CFUs) in the original sample. This method is called the plate count method. The technique is widely used and readily available in most microbiological laboratories. The CFU count is a clear and universally accepted outcome measure that allows comparison between experiments. On the other hand, the technique is labourintensive and time-consuming as it requires preparation of sterile media, a lot of handling steps and time for the colonies to develop. Also, it only allows detection of microorganisms that can be cultured in the laboratory. This makes the method not suitable for determination of a biofilm derived from a clinical sample, containing many culture-difficult or nonculturable species. Also, a subpopulation of biofilm cells can be viable but nonculturable; that is, bacteria may assume a state of low metabolic activity, similar to that of a stationary-phase planktonic state, and these bacteria may be undetectable by regular culture techniques. Due to this and the limitations of sampling methods, as mentioned above, a negative canal culture does not guarantee a sterile canal.
Molecular techniques
In the study by Alves et al. (2012) , quantitative realtime polymerase chain reaction (qPCR), in parallel with plate count, was used for microbial quantification. qPCR, a molecular biology method, assesses the total number of cells indirectly, by measuring in real time the amplification of a targeted DNA fragment during the polymerase chain reaction.
Compared to culturing methods, molecular methods have the advantage of detecting not only cultivable bacteria but also fastidious species, bacteria in a viable but noncultivable (VBNC) state and as-yetuncultivated species. They have the potential to be highly sensitive and specific, and are rapid. Most of the molecular biology techniques qualitatively detect the target microorganism in the sample, but do not allow accurate quantification. Real-time PCR is the only assay that provides quantitative results. Because it is a PCR-based technique, quantitative real-time PCR requires the use of DNA primers. When working with a defined engineered biofilm, species-specific primers can be used, allowing quantification of each of the constituting species in the biofilm. When a natural, undefined set-up is the case, broad-range primers have to be used, resulting in quantification of the total microbial burden, without data on the different species. Whilst qPCR is rapid, sensitive and specific, sound experimental protocols have to be followed. For example, primer selection is critical. For each set of primers, the amplification efficiency should be validated, ensuring sufficient amplification of the targeted DNA fragment. This involves a calibration curve (Pfaffl 2004) . When using species-specific primers in a multispecies sample, specificity of each primer should be tested to avoid cross-reactivity. All these parameters have to be experimentally validated prior to the actual qPCR. DNA extraction is another critical step, especially in a multispecies sample, since cell lysis is not equal for all the microbial cells in the sample (Lopes et al. 2018) .
Another concern with molecular methods is that DNA from dead cells (Brundin et al. 2010) , and free extracellular DNA (eDNA) (Klein et al. 2012 ) might also be amplified and detected, leading to incorrect data (Rôc ßas & Siqueira 2010) . By treating the sample with propidium monoazide (PMA), a dye that inhibits amplification of DNA found extracellularly or in dead cells, this obstacle could be circumvented (Alvarez et al. 2013) . However, there are some limitations to this technique. For example, the number of cells surviving after treatment should be high enough (>10 5 mL
À1
) and the number of dead cells should not exceed >10 4 mL À1 (Fittipaldi et al. 2012) , otherwise the results cannot be considered accurate. Another issue is that the discrimination of dead cells by PMA is based on the integrity of the microbial cell membrane (Nocker & Camper 2009) and that membrane integrity is not always a correct indicator of cell viability. The latter argument is not necessarily an issue in endodontic research, where antiseptics are typically used, rather than antibiotics. Treatment with antiseptics results in cell lysis, hence the PMA will bind the DNA of these lysed cells. Alves et al. (2012) sampled root canals of infected extracted teeth. Half of the sample volume was used for culture-based quantification, and the other half was subjected to DNA extraction and qPCR analysis. Results showed higher pre-treatment qPCR counts than culture counts, but equal counts were found after treatment. They explain these findings by the fact that dead bacteria are washed away from the canal along with their DNA and/or the irrigants, and NaOCl, has degraded DNA released from dead cells and made it undetectable. The reason why qPCR revealed pre-treatment counts significantly higher may be related to the higher sensitivity of the method, bacteria in the VBNC state and/or bias introduced by the dilution steps necessary for plate counting (Alves et al. 2009 (Alves et al. , 2012 .
Microscopy techniques
Microscopy methods enable visualization of the biofilm and provide straightforward information on the spatial distribution of the (remaining) biofilm within the canal, its (ultra)structure and connection with the substrate.
Light microscopy. One study assessed the remaining intracanal bacteria/biofilm and dentinal tubule penetration by light microscopy (Peters et al. 2011) . Teeth were decalcified and processed for histological evaluation, including Taylor-modified Brown & Brenn staining, which stains both Gram-negative and Grampositive bacteria and has been used previously to visualize bacterial films on root canal walls (Taylor 1966 , Svens€ ater & Bergenholtz 2004 . Typically, light microscopy for teeth requires fixation, decalcification, sectioning and staining of the samples before they can be visualized. These steps are laborious, and especially, the decalcification is a time-consuming process. With this technique, cross-sectional biofilm images are usually obtained. Consequently, a large number of consecutive sections have to be evaluated in order to understand the situation within the entire canal or canal section. Light microscopy enables a broad range of magnifications, allowing per section both overview of the biofilm and detailed information on microbial cell morphology and organization. However, no distinction can be made between live and dead bacteria, and artefacts such as biofilm detachment from the tooth surface may occur during the sectioning process. Taken together, light microscopy is not the most appropriate method to evaluate biofilm removal. Yet, histobacteriologic analysis has been shown very valuable in observing the endodontic biofilm in clinical samples. The numerous studies and case reports, in which clinical conditions are linked to histobacteriological analysis (Ricucci & Siqueira 2008 , Ricucci et al. 2009a , have contributed significantly to endodontic research.
Scanning electron microscopy. An alternative way to study the effectiveness of biofilm removal is visualization of intraradicular biofilms by means of SEM. SEM was used in about half of the included studies (Table 4) , mostly for confirming the presence of a biofilm. In 6 reports, it was used to determine the effect of the antimicrobial treatment. Li et al. (2015) , in addition to plate count, used SEM to study morphologic changes in the biofilm before and after treatment. In three studies, SEM images were used to determine the degree of biofilm coverage of the root canal wall. Biofilm coverage was then compared across the different control and treatment groups. Bhuva et al. (2010) and Ordinola-Zapata et al. (2014) employed a four-score scale system to semiquantitatively assess biofilm coverage on SEM images of the canal walls. Gr€ undling et al. (2011) also used SEM images of the canal wall, but they ranked all SEM images from most to least contaminated, and calculated the average position of each treatment group. In the study by Lin et al. (2013) , image analysis software was used to determine the percentage of biofilm bacteria on each SEM image, which enables quantitative analysis of the biofilm removal.
SEM analysis yields high-resolution images of the root canal surface, allowing morphological and structural characterization of microbial biofilms. In order to conduct a SEM analysis, the roots have to be cleaved to expose the canal walls. Then, the samples have to be prepared for SEM. The process takes place under high vacuum, requiring a solid and dry sample. To prevent build-up of electrical charge, which can cause image distortion, the sample is covered with a conductive coating. Hence, samples have to be subjected to fixation, dehydration, freeze-or critical point drying, and sputter coating. In contrast to light microscopy, no staining of microorganisms/biofilms is possible with SEM. SEM visualization of the biofilm therefore requires high magnifications. Consequently, only a limited fraction of the region of interest (i.e. the entire canal wall) can be imaged. Here lies a potential risk of bias, as the observed areas could be subjectively chosen, or could not be representative of the overall situation. Indeed, in many studies, the locations of the observed areas are not reported. To prevent this risk of bias, a sufficient number of observations should be included, and the areas of interest should be randomly chosen. Lin et al. (2013) described a stratified random sampling procedure to avoid bias in the acquisition of images for evaluating biofilm removal. An alternative protocol could be to select areas with the highest concentration of bacterial biofilm and capture high-magnification images of these spots (Gr€ undling et al. 2011) . In addition, imaging software can help to select the biofilm-covered area in an objective and quantitative manner, compared to rating biofilm coverage on each image by an examiner (Lin et al. 2013) . Of course, investigators scoring the images should be blinded to the treatment protocol that the tooth received.
Whilst light microscopy provides cross-sectional images of the biofilm, imaging into the full depth of the multilayered biofilm is not possible with SEM, so only topographic assessment can be done (Bergmans et al. 2005) . Another limitation of SEM is that the sample preparation steps may significantly affect the original biofilm morphology. Critical point drying and freeze-drying causes almost complete disappearance of the matrix of extracellular polymeric substances (EPS), which consists for the most part of water (Flemming & Wingender 2010) . Also, these steps can cause the biofilm to detach from the surface (Sutton et al. 1994) . Bacterial cells maintain their shape and dimensions in vacuum after fixation and can clearly be identified by SEM, but, as with light microscopy, viability of the microbial cells cannot be determined. Although limited to bidimensional and semiquantitative analysis, SEM is often preferred for its high resolution in comparison with other microscopy techniques.
Confocal laser scanning microscopy. In 14 studies, the biofilm was visualized by confocal laser scanning microscopy. This technique involves fluorescent staining of the biofilm, followed by imaging of very thin (a few lm) optical slices of the sample at various depths up to 200 lm below the surface of the biofilm. These optical sections are then stacked by software to produce a three-dimensional reconstructed image of the 52, 2019 entire biofilm. The use of fluorescent dyes permits visualization of the architecture and spatial distribution of the biofilm. In addition, viability stains allow determination of the viability profile of the biofilm bacteria in the root canal. So, besides a description of the biofilm architecture, a semiquantitative analysis is possible, and both biofilm removal and microbial viability can be assessed. The most frequently used staining is the combination of SYTO-9 and propidium iodide (PI), resulting in green fluorescent staining of living cells and red fluorescent staining of dead cells. Six reports provided only descriptive information on the CLSM images such as biofilm appearance, distribution of the bacteria, total biofilm mass and the amount of green and red fluorescence. In 8 studies, quantitative outcomes, such as the live/dead ratio, or the proportion of biofilm-covered substratum were also reported.
Although the resolution of CSLM is less than that achievable with SEM, it allows determination of the three-dimensional architecture of the sample and quantitative parameters such as the biofilm biovolume, thickness, roughness, and distribution of cells in the biofilm structure can be extracted (Bridier et al. 2010) . Contrary to light microscopy and SEM, no fixation of the sample takes place, and the sample remains hydrated. Similar to SEM, confocal microscopy requires tooth cleavage in order to expose the intracanal biofilm. Mostly, only a portion of the canal surface is analysed. Not all studies report the exact location of the CLSM imaging, introducing uncertainty about the random selection of the imaged area, as previously described in the SEM section. When visualizing the entire canal, the semicircular shape of the root canal half might pose technical problems as light reflection from the steeply curved sides can produce dark areas in the confocal image (Watson 1997) . Also, alive and dead control samples should be included in each experiment, since differentiation between the red or green channels is often biased by the intensity of the lasers used (Pawley 2006 , Azeredo et al. 2017 . Nevertheless, CLSM is a popular imaging method for microbial biofilms as it enables direct, noninvasive, optical sectioning of the biofilm with a minimum of sample preparation and good spatial resolution.
Other (bioluminescence, colorimetric) In one report, the biofilm was stained with crystal violet (CV), making it optically visible (Mohmmed et al. 2016) . CV binds to negatively charged molecules, staining both the microorganisms (both live and dead) and the extracellular polymeric substance. Crystal violet thus targets the total biomass (Pitts et al. 2003) . The use of a transparent root canal model in this study enabled real-time visualization of biofilm removal in the apical 3 mm of the canal during irrigation. Image analysis was used to quantify the proportion of biofilmcovered canal surface. This method thus allowed gross overview of total biomass removal.
Two studies reported a colorimetric assay. With this technique, the biofilm is first stained, then the dye is extracted and the absorbance intensity of the eluent is determined. The absorbance correlates with the amount of biofilm present. In the study by Layton et al. (2015) , CV was used to stain the biofilm and indirectly measure the total biomass reduction. Dagna et al. (2011) used MTT (3-(4,5) dimethylthiazol-2-yl-2,5 diphenyl tetrazolium bromide), a tetrazolium salt, as the dye. The latter is a viability stain, detecting only viable microorganisms based on the conversion by cellular metabolic activity of MTT into formazan.
It is important to realize that the different stains represent different outcomes. If the antimicrobial treatment, for example, kills the bacteria rather than removing them, the outcome will differ if a quantification method is selected to determine total biofilm versus one that measures bacterial viability. Whilst dyes for total biomass have the advantage of versatility (staining many different species), viability stains are less useful for polymicrobial biofilms since different species metabolize the reagents at a different rate, requiring different incubation times (Peeters et al. 2008) .
Altogether, colorimetric biofilm assays are rapid semiquantitative methods that assess the entire biofilm-covered surface, but unlike microscopy techniques, the colorimetric assay might not be applied to quantify the spatial variation in biofilm structure at specific regions of interest (Kishen & Haapasalo 2012) . Drawbacks of colorimetric assays include the necessary rinsing steps, introducing the risk of biofilm removal prior to analysis, and the rather high lower detection limit (more than 10 6 to 10 7 CFU/biofilm to detect a signal higher than the background) (Sandberg et al. 2009 ).
In two publications, biofilms of bioluminescent strains of C. albicans, P. aeruginosa or P. mirabilis were grown. These are bacteria that have been genetically modified to be bioluminescent, allowing to monitor the microbial reduction through bioluminescence imaging (Garcez et al. 2007 , Sabino et al. 2015 . Consequently, real-time quantification can be done over sequential procedures without destroying the sample as in plate count methods or SEM analysis (Doyle et al. 2004) . Bioluminescence imaging detects light produced by the reaction of luciferase enzymes with a defined substrate, which occur in metabolically active cells. However, this technique measures different aspects of cell physiology in comparison with viable count and neither should be regarded as the definitive indicator of cell viability (Marques et al. 2005) .
Concluding remarks
Although laboratory models invariably represent a simplification of the clinical reality of the infected root canal, they remain valuable tools to preliminarily assess the effect of new or alternative root canal disinfection strategies. This literature review revealed that the variation in root canal biofilm model systems is striking. As a consequence of differences in parameters as the number and selection of species, incubation time, but also the nutrient source, sampling methods, and the reporting of outcome, comparing studies is hardly possible. Also, none of the models has ever been validated. This demonstrates the need for a more standardized approach and a validated endodontic biofilm model.
In the absence of such a validated model, it seems wise to select experimental parameters that reflect the in vivo situation as much as possible. This means that preferably a polymicrobial biofilm is grown, consisting of species that are typical root canal isolates, either in a defined engineered set-up, or in a natural, undefined set-up. Dentine is the preferred substrate, and a root canal geometry is advisable. Researchers should consider performing a growth kinetics assay in order to determine the maturation stage of the biofilm in their model. In addition, the biofilm should be validated at the end of the incubation period, confirming presence and properties of the biofilm. Regarding quantification of intracanal biofilms, different options exist, which will depend mainly on the set-up.
This work could serve as a guideline helping researchers to decide which parameters to adopt. Recommendations for future research include the selection of relevant model parameters and suitable evaluation methods, and spending efforts to validate models.
